Diabetic glomerulopathy is a common long-term complication of insulin-dependent diabetes mellitus [1] . Hyperfiltration, resulting from a fall of afferent arteriolar resistances with increased glomerular capillary pressure, is an early sign of glomerular involvement [1, 2] . Such haemodynamic changes are believed to result from reduced vascular sensitivity to vasoconstrictors [3] . Arteriolar relaxation could be explained by enhanced production of vasodilators, such as prostaglandins [4] , or atrial natriuretic peptides [5] . Alternatively, reduced responsiveness of the contractile apparatus of the glomerulus should be considered [3, 6] .
Summary
In cultured mesangial cells (MC), capacitative Ca 2 + influx via store-operated channels (SOC) is potentiated by agents that release Ca 2 + from intracellular stores, and inhibited by protein kinase C (PKC). Cells grown under high glucose conditions, as a model of the diabetic microenvironment, display reduced Ca 2 + signalling in response to vasoconstrictors, probably due to downregulation by elevated PKC activity. Since SOC might be relevant to this phenomenon, we assessed Ca 2 + influx by microfluorometry of fura-2-loaded rat MC cultured for 5 days in normal (5.5 mmol/l, NG) or high glucose (30 mmol/l, HG). The addition of 1-10 mmol/l Ca Keywords Mesangium, diabetes mellitus, protein kinase C, capacitative Ca 2 + influx, store-operated Ca 2 + channels.
Altered receptor number/affinity, or functional uncoupling between receptors and signal transduction mechanisms could be involved [3] . The glomerular mesangium, an intercapillary network of contractile, smooth muscle-like cells surrounded by amorphous extracellular matrix, is the site of typical proliferative lesions in diabetic glomerulopathy [6, 7] . As mesangial cells closely resemble arteriolar smooth muscle with respect to sensitivity to vasoactive agents and the diabetic microenvironment, we and others employed this cell culture model to study the mechanism underlying vascular insensitivity [8] [9] [10] . In both cell types, it is now evident that high glucose (HG) inhibits phosphoinositide metabolism and changes of free cytosolic Ca 2 + ([Ca 2 + ] i ) in response to vasoconstrictor stimuli, such as angiotensin II, arginine vasopressin (AVP), or the thromboxane A 2 mimetic, U-46 619 [8] [9] [10] [11] . Breakdown of inositol-containing phospholipids plays a central role in signal transduction for vasoconstrictors. In fact, receptor-coupled phospholipase C releases equimolar amounts of water-soluble inositol phosphates and diacylglycerol (DAG) from membrane phosphoinositides [12] . Inositol trisphosphate [Ins(1, 4, 5)-P 3 ] mobilizes Ca 2 + from intracellular stores, resulting in an elevation of cytoplasmic Ca 2 + concentration ([Ca 2 + ] i ). The latter is, in turn, a major regulator of contractile protein interactions. Several groups have attributed impaired signalling to the inhibitory effects of protein kinase C (PKC), a key effector system activated by both vasoconstrictors themselves via DAG, an endogenous activator of PKC, or directly by HG, possibly through the de novo synthesis of DAG from excess glucose [10, 11, 13, 14] .
Given our earlier finding of altered [Ca 2 + ] i regulation in HG-cultured cells [10] , we now examined whether other mechanisms underlie this process, in addition to blunted release of Ca 2 + from internal stores. We then focused our attention on a recently described pathway for Ca 
Materials and methods
Cell culture. Pure lines of mesangial cells were obtained with standard techniques from rat glomerular explants [10, 17, 19] . Four independent lines, characterized as previously described [20] , were used in passages [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17, 19, 20, 21] . Briefly, after withdrawing FBS for the 24 h prior to each experiment, confluent monolayers grown on plastic Aclar coverslips (Allied Engineered Plastics, Pottsville, Penn., USA) were loaded for 40 min at 37°C with 1 m mol/l fura-2 in serumfree DMEM, followed by further incubation for 20 min in the same medium without fura-2. Glucose concentrations were maintained at 5.5 or 30 mmol/l throughout the loading procedure. Fluorescence measurements were performed by inserting the coverslips diagonally in a quartz cuvette filled with 2 ml of modified Krebs-Henseleit solution of the appropriate glucose concentration, buffered with 20 mmol/l N-2-hydroxyethyl-piperazine-N′-2-ethanesulfonic acid (HEPES) and supplemented with 0.2 % fatty acid-free bovine serum albumin. The monolayers were excited at 340 nm with emission collected at 500 nm in a Perkin-Elmer LS5B spectrofluorometer (Beaconsfield, U. K.) equipped with stirrer and thermostatically controlled cell. Excitation/emission slits were set at 2. 
Statistical analysis
All data are expressed as mean ± SEM and analysed by oneway analysis of variance.
Results
As previously observed [10] , the growth of cultured rat mesangial cells for 5 days in 30 mmol/l glucose (HG) had no effect on resting [Ca (Fig. 2C-D) . This suggests either that the limited release of Ca 2 + by AVP results in weaker activation of the Ca 2 + current, or that HG itself modulates the state of activity of the putative channel. Similar responses were noted with another phospholipase C agonist, angiotensin II, which increased Ca 2 + influx to 212 ± 44 and 440 ± 38 nmol/l peak [Ca 2 + ] i in 5.5 mmol/l glucose, as opposed to 140 ± 10 and 295 ± 41 in 30 mmol/l glucose (1-10 mmol/l Ca 2 + , respectively, n = 5 each, p < 0.05). To confirm that the changes of [Ca 2 + ] i occurring upon manipulation of the extracellular Ca 2 + concentration were indeed due to Ca 2 + influx, we backed these data with monitoring the quench of fura-2 fluorescence by Mn 2 + . This divalent cation enters the cell via the same channels as Ca 2 + , but irreversibly binds the dye decreasing its fluorescence emission [22] . Thus, the change in the slope of fura-2 quenching after addition of AVP (Fig. 3) reduced quenching by Mn 2 + both basally and after release of intracellular Ca 2 + stores by AVP. In order to establish whether the effects of HG on mesangial cells were attributable to a direct biochemical mechanism, or rather to non-specific osmotic effects, we performed a set of experiments employing 30 mmol/l l -glucose as osmotic replacement. Contrary to d -glucose, this non-metabolized isomer had no significant effect on Ca 2 + influx upon addition of extracellular Ca 2 + (Fig. 4, Table 1 ), pointing to a specific, metabolic action of HG.
Based on extensive evidence that PKC is activated by a cell culture environment mimicking diabetes, with elevated glucose concentration in the absence of any added insulin beyond that contained in the FBS supplement [10, 11, 14] , we studied the effects of PKC activation or suppression on the SOC pathway. As shown in Figure 5 and Table 2 , the PKC activator phorbol myristate acetate (PMA) added 3 min prior to application of extracellular Ca 2 + to monolayers previously equilibrated in Ca 2 + -free media, blunted both basal and agonist-activated capacitative Ca 2 + influx in NG cells. However, 24-h pretreatment of HG cells with PMA, a procedure known to downregulate PKC activity by increased metabolism of the enzyme [13] , completely restored Ca 2 + entry to the levels of NG cells (Fig. 6A-B, Table 3 ). Nearly identical results were obtained with two structurally unrelated inhibitors of PKC, staurosporine (SSP) and H-7 ( Fig. 6 C-D, Table 3 ), thus confirming that HG-induced PKC activity interferes with several ion transport and signalling mechanisms in cultured rat mesangial cells. Both PKC downregulation and SSP had no significant effect on Ca 2 + influx in NG cells (160 ± 46/306 ± 96 and 148 ± 42/317 ± 55 nmol/l peak [Ca 2 + ] i at 1/10 mmol/l Ca 2 + , PMA and SSP, respectively, n = 5 each).
Discussion
Altering the glucose concentration of the growth media of cultured cells modifies their functional behaviour [23] [24] [25] . This concept has been developed in different cell systems derived fom target organs for the complications of diabetes [26, 27] . Extensive evidence has been provided that mesangial cells of the kidney glomerulus grown in high glucose media express a secretory phenotype, with increased matrix production and a decreased proliferative rate [28] [29] [30] [31] . In addition, the cells appear less sensitive to the vasomotor action of peptides and autacoids that activated phospholipase C-coupled receptors [8, 10] . Glomerular hypocontractility in ex vivo preparations is an example of this phenomenon [32, 33] . This is paralleled in most studies by depressed signalling for vasoconstrictors [8, 10] , and may explain, at least in part, the glomerular vasodilatation that occurs in diabetes and results in hyperfiltration and microalbuminuria. Work from several laboratories on contractile mesangial cells of the glomerulus or their systemic counterpart, the vascular smooth muscle cell (VSMC), has established that elevated PKC activity may be a common feature of cells grown in high glucose media, that might in turn explain several of the functional changes observed [9-11, 14, 34-38] . This may well be the case of inositol phospholipids/ [Ca 2 + ] i signalling, which is well known to be under inhibitory feedback control from PKC [12, 13] . Earlier studies from our group demonstrated that PKC downregulation rapidly reverses the effects of HG on the immediate [Ca 2 + ] i responses to vasoactive agents [10] . As high glucose media and resulting PKC activity did not alter the size of releasable intracellular Ca 2 + pools, it was concluded that depressed receptor/inositol phosphate coupling was responsible for the functional resistance [8, 10] . This was extensively confirmed by other groups working with cultured VSMC [35, 39] . As evidence surfaced that Ca 2 + influx is an important component of any [Ca 2 + ] i response to vasoconstrictors, in addition to intracellular Ca 2 + pools, we turned our attention to the so-called 'capacitative' Ca 2 + influx through SOC [15] [16] [17] [18] , as another relevant ion transport mechanism potentially regulated by ambient glucose level. This novel pathway for Ca 2 + influx must be kept distinct from voltage-operated or receptor-operated Ca 2 + channels, which are well documented in a variety of contractile cell types in culture, but are less readily detectable in mesangial cells [15] [16] [17] [18] . While the driving force for Ca 2 + entry across this putative channel is still the normal inward gradient for Ca 2 + , the signal for its opening is not provided by membrane depolarization or direct binding of the agonist. It is presently believed that capacitative Ca 2 + influx is actuated by release of Ca 2 + itself from intracellular stores [16, 40, 41 ], or by a putative 'influx factor' coupled to depletion of the Ca 2 + stores [42-44]. As it is now apparent that capacitative Ca 2 + influx is inhibited by PKC in other cell systems [16, 18, to activate it to the extent seen in cells cultured in normal glucose. Our observation is reminiscent of earlier studies by Williams and e isoforms binding to DAG are activated, suggests that de novo synthesis of the latter compound from excess glucose may be involved [14, 39] . As reported in other tissue/cell systems, this metabolic pathway appears to involve the formation of glycerol 3-phosphate, acylation of phosphatidic acid followed by dephosphorylation by a phosphatase [39, 50] . Reversal of the effects of high glucose by three unrelated procedures known to inhibit PKC is strongly suggestive that this enzyme is the main, if not the only, intracellular mechanism of the inhibition of Ca 2 + signalling. Clearly, osmotic mechanisms cannot be invoked, as l -glucose did not share the potent effects of d -glucose, similar to mannitol in our earlier work in the same experimental system. Additionally, other studies in various cell preparations have ruled out a role for the hypertonicity of the high glucose solutions [8, 39] .
The implications of these findings are relevant to the short-term changes of glomerular haemodynamics occurring in diabetes, but also to complications that involve structural changes of the glomerulus, such as matrix deposition and fibrosclerosis. As multiple cell functions are regulated by [Ca 2 + ] i and related signals, it is conceivable that altered refilling of the intracellular Ca 2 + pools resulting from impaired influx via the capacitative pathway may translate into dysregulated protein synthesis and proliferation. Moreover, further evidence that PKC activation is involved in the functional abnormalities induced by high glucose in vitro, points to novel targets for therapeutic intervention aimed at limiting the complications of diabetes.
